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SUMM-Y

The reasons for the exiatenae of bending tatreeeea
due to torsion are briefly dimoueoed, and the theoretical
formulas applying to rectangular boxes with finite bulk-
head spaolng are given. Tests are then deeoribed whloh
were made to verify the theory, etrains being measured
on a rectangular torsion box with bulkhead spacings of
1/4, 1/.2, 1, and 3 times the chord of the box. In the
normal design range, the agreement between oalculatlon
and test wae quite satiefaotory; however, attention im
oalled to the faot that it is difficult to predict aa-
ourately the distribution of the shear stresses In the
viainity of concentrated torque loade.

INTRODUCTION

When a shell struoture 1s subjeoted to torsion, the
oroam sections have, in general, a tendenay to warp out
of their original planes. If this warping is foroibly
prevented, normal or bending stresses are set up; in wing
structures .utillsing a rectangular box as the main
strength element, these stresses may. amount to more than
10 peroent of the stresses oaused by bending loads and
consequently.they cannot be negleoted in design. The ao-
oompanylng shift of shear stress from the wing oovers tO

the shear webs may perhaps be even more important for de-
sign.

The first theory of bending stresses due to” torsion
in shells was given by Eelssner (reference 1) for a box
of rectangular oross sectl,on with very alobely apaaed
bulkheads. In practice, the bulkhead epaoing is fre-
quently about equal to the ohord of the box or larger; it
was neoessary, therefore, to develop a theory free from

— ——. --.-..- —-- .— ..—.—..-—= —.- —



—— —. —. —,, —

2 .

the assumption of ver~ olosely spaced bulkheads, and this
tack was undertaken by Ebner (reference 2).

The theory of shell struc$turas Ie relatively new,
and the nmall margin of eafety ueed in aircraft Utrega
analyeite makee It man~atory to verify all new theories by
meanO of experiment. A preliminary attempt to verify
the theory of bending stressee due to torsion (reference
3) wae rather Inconclusive; the agreement varied from
very good to very poor. A“etudy of the results indioated “
two possible reasons for the failure to aohieve agreement:
either some of the eimplifylng aeeumptions made In the de-
velopment of the theory did not repreeent the physical
facte oloeely enough, or some oonstruational features of
the test beams did not give a sufficiently olose approach
to the theoretical conditions of continuity in the struc-
ture. In order to clear up the queetlon, a new eeriee of
tests wae undertaken and the results are given in this
paper. The neaerneary theoretical formulae are al~o given
in order to make the paper eelf-contained. “

THEORETICAL FORMULAS “ -

If a box beam ae shown in figure 1 Ie subjected to
equal and opposite torques T at the two ends, the walls
of the box will be stressed in pure ehear, and the magni-
tude of the ehear stresses wI1l be given by the formul”a

Tom-
2 Aot-

(1)

where A. ie the enolosed area be of the box and t

is the th~oknese of the wall under consideration. As the
torque Is being applied to the box, plane cross seotions
-will not remain plane but will warp out of their original
planes, as indicated in figure 1, except in speoial oases.
If this wabpi”ng is prevented by fastening the box to a
rigid eupport ae Indicated In figurq 2(a), longitudinal
tatrepses will arise, which are termed ‘bending” etressem
dui to torsion, and the ehear streeses will be changed
from the values given by formula (l). In practioal de-
sign, the equivalent of a rigid support is obtained by
eymmetrloal loading of a symmetrical struoture as indi-

cated In figure 2(b).
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“??ie-%tresaes Gaused by prewontiag the warping. have

been treated by a number of authors under the assumption
that the ,spaclng of the bulkheada is infinitely olose. A
method of caloulatlon for the general ease of fln$te spae-

3’ ing was given by Ubner in referenae 2, Ebner assumes

:
that the box Is divided into oells by spllttlng the bulk-
heads. Eaoh oell is sub~eoted to a torque T and to a
grouP of for~es x (fig, 3) sm eaoh end. The groups of
foroes represent the restraining aotions exarted by the
adJoinlng cells on the warping of the oell under oonslder-
ation. l!he magnitude of the unknown foroes X is oalou-
lated by the theory of statl.sally indeterminate struc-
tures.

The effeotm of the constraining forces are looalized
In the region of the root. For most practloal purposes
it is eufflclent, therefore, to oalculate these effeots
for the root bay under the assumption that the cross seo-
tion of the box Is oonqtant along the epan and equal to . “
the cross section of the root bay. The spanwise distri-
bution of the torque 1s also relatively unimportant; it
Is therefore permissible to use the formulas for a torque .
applied at the tip of the box.

Under the assumptions diacuseed, the magnitude of
the constraining forces at the root seotlon 5s given ac-
oording to reference 2 by

where t and p are auxiliary parameter defined by

p=

L+L
tb tc

(2)

(3)

(4)

1
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In formula (4); ~“ ‘Is the “total area of the oorner

“flange, which consists of the corner flange AZ proper,

If” present, and of the ‘equivalentti areati for the mide
walln. As far as resistance to bending is concerned, a
beam of rectangular cross eeotlon with a thiokness t
and a depth h oa~ be replaoed. by two oonaentrated
flanges having areas of ht/6 e“aoh and looated a“dia-
tanoe h apart. .The walls ‘b oan, therefore, be re-
placed by equivalent areas bth/6 c looated at the four

oorners, and tbe WS1lFJ o oan be .replaoed by e.quiv~lent
areae ate/6 at the four “uorneree The total area of” the

equivalent oorner flange is therefore
.

btb .+ at(j “
&psA~+y

-T-
(6)

.,

Tha pormal tatreea in the oorner klnngeq ie obteined
by the formula .

&
a ‘.A*. . (6)

Provided the box IS at least twice as long as it 16 wi,de,
the yaluqs of X at the first, second, eto. bulkhead
from the root “are given with sufficient adouracy. by”th”e
formulata

\
.“ -0 ~

Xi = Xoe”
1

where

(7)

(8)

The sign of the stres.se.s u is determined most con-
veniently by the following rule: .The stresses u are of
the came sign ae the” bending etreenes that would ooour if
the walls with the smaller, aspeot ratio (Wh or o/to)

absorbed the torque by bending aotion alone, In the case
of a wing, this oondition means normally that the stressee
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are Of the same sign as the stresses which wow!ld ocour Ifk.
““”-the”shear webs” amtod as two. in~ependent,-spare in resisting

the torque. Within eaoh bw, the epanwise variation of U
10 linear.A. .

0
u; Between bulkheads O and 1, the shear tatreias T oh’=
A tained by formula (1) Is ohanged Zn wall b by an inore-

ment

ATb =.-*(’O-X’) (9a)

and in wall o by an increment

AT= = +
* “0--“)

(9b)

the signs being valid for the ubual ease in which the
ratio c/tc Is emaller than the ratio b/tb. In first

approximation, It may be assumed that the increments AT

are distributed uniformly over their respective wane.
In second approximation, the portions

●

and

.

(lo)

may be assumed to follow the familiar para%olic law of
distribution of rehear stresses. “

The formulas for AT In any bay other than the root
bay are.similar to formulas (9a) and (9b); It is necessary
only to substitute the values of X for the two ende of
the bay. For example, between bulkheads 1 and 2 the ln-
oremente of shear strens ATb” aad AT= would be given

by equations (9a) and (9b) “with Xl and X= ‘substituted

tor ‘0 and X1, ..respectively.

. .
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TEST OEJE09! ~ TEST PEOCUDURE

The tests were made on a rectangular box of 248-T
aluminum alloy. The oross seotton of the box is shown tn
figure 4. A general view of the box and of the loading
apparatue ie shown in figure 5. The theoretical oondi-
tion of a ‘built-in endm wan obtained at the oenter of
the box by virtue of symmetry of structure and of loading.

The arrangement of the bulkheads is cshown In figure
6. Yor the firet two casee the bulkhead epaelng was not
conetant along the entire span; it wag oonetant, however,
over the distanoe within vhioh the “bending stresses due
to toreion were of appreciable magnitude, as will be seen .
by Inspection of the teat reeulte dlsoussed later. Bulk-
heads no longer required after any one test wsre rendered
inoperative by cawing them in two from the outside and
drilling out the rivete connecting the bulkheads to the
skin.”

In order to reduce the buokling of the oover sheet,
“the large panele at the ends of the box-were et”iffened by
transverse angles attaohed externally with Parker Kalon
scrowa for the first two tests. lor the laet two tests,
these angles were removed and two longitudinal anglee
were attached (fig. 5); eince these angles were on the
oenter lines of the shekte, they did not affeot the
atresaes,

The strain read.ing~ were taken with Tuokerman optical
stratn gages of 2-inch gage length. The total gage error
was estimated to average about 60 pounde per square inoh,
taking into account error of reading and temperature error.
ghe error In applied l.~ad was eetlrcated to be leee than
one-half of 1 percent? Readings were taken at O, 50, 100,
and O percent of the applied load, and repeat runs were
made “whenever the-final sero reading differed from the
initial zero reading by 100 pounds per square inah or more.

TEST RESULTS

Normal stresees.- A ohordwise plot of longitudinal
stralne measured In the first test (bulkhead epaotng,
7 in.) Is shown in figure 7. It will be ●een that the
strains follow a pronounced ourve Instead of the straight-
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line law whiah forms the bamis of the: eng~neer~ng theory
of bending, The strains shown in figure 7 were measured “
at the two sfatio”n&-”3%4-inoh”es froh”the’-root: &t”-etation8
farther away from the root, the shape of the ourves is
similar but, due to the lower. Intensities of the stresses,
the ourves beoome more irregular. “.

By lntegrat~on of several ourves Suoh as shown In
figure 7, it wae found that the equivalent flange area
may be an low au btb/8 “Instead of the theoretical

btb/6, whioh is valid for etraight-line dletribution of

the stresses. The difference between these two values Is
25 peroent. The maximum bending etreee due to torelon,
however, Ie approximately proportional to the equare root
of the area AT; the ohange from btb/6 to btb/8

would, therefore, oauee only about a 12-peroent ohange in
the etreee a. This percentage of ohange is further re-
duoed by the faot that the equivalent area for the wall ‘h
constitutes only a part of the total area A*. The devia-

tion from the straight-line law may beoome relatively
more Important, however, when the oover has etiffenera at-
tached to it, because the stiffeners may furnish the larg-
eet contributions to the area AT. The question is a

part of the general problem of shear-lag but has reoei.ved
only passing attention by various authors in the past.

The longitudinal etressee at the four cornere of the
box were measured %y plactng Tuokerman gages on the oover
eheet direotly beside the flat dural stripe. The looa-
tion of the gages thus determined was 13.75 inohes from
the center line of the eheet, and the oorners of the box
were 14.08 Inohee from the center line; the gage readings
were therefore multiplied by 14.08/13,75 for comparison
with the calculated flange stresses. A typioal set-up of
strain gages is shown in figure 5.

“ The experimental etresses a are shown in figur”es 8
to 11 together with the oaloulated etreeses. The agree-
ment is satisfactory in general. In the immediate vlain-
ity of the root, the experimental etresaes are. somewhat
higher than the oaloulated stresses; the absolute magni-
tude of this dlsorepanoy is roughly the same for all tests
and consequently the percentage of error is quite large
for the laet teet beoause the stresses ire small.

,., -,., . —-- . --. .,--,. . . . -- .. . . — —..
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Zhe shear etresses at the two etat~ons 3s~ t~ohee
from the root are OEOWII in figure 12. These mtreaeea
were oomputed from”etrain rosette measurements taken at

anglea of 0°, 46°, and 90° with the axle of the box. Of
praotlcal lntereat Is the high shear stress In the shear
webs c. The exeeas of the experimental shear stress
over the computed shear stress in the webe la presumably
oaused by Introducing the torque by means of foroem aoting
On the two webs; the bulkhead ie not quite equal to the
task of distributing the torque immediately to the four
sides of the box, so that the webs have more than their
share of the load wkl19 the oover sheets have less than
their share. The quantitative agreement between the ex+
oess stress in the web and the corresponding deflcienc~
in the oover sheets on a percentage basis is very poor;
it is possible that the strain measurements in the web “
were falsified by buokling due to the vicinity of the
torque reaotlons.

The shear stre~ses at the two statione looated 24.5
inches from the root are shown in figure 13. At this
dlstanae from the root

i
the effeat of the constraining

forces Is quite small fig. 8); aa a result, the shear
etresses are nearly equal to the basic value To given

by equation (l). The figure indioates one peculiarity
that is not explained by the theory: The stresses iq the
oover sheet increase as the oorners are approached and
reaeh the. same.values as the shear stresses In the webs.
.A similar, although less pronounced, inoreaee of shear “
stress near the corners was observed in a larger box with
stiffened oover tested for a.different purpose.

Measurements were also made of the shear stress in
the two end bulkheads with a bulkhead spacing of 7 Inches.
The experimental stresses were about 70 peroent of the
calculated stresses, Indicating either that the torque
was not fully distributed by the end bulkhead or that
part of the torque was transmitted by the angles arouad
the bulkhead. acttng as bents, or both.

00IWCiUSIOES

If 9 rqotangular torsion box with bulkheads apaoed
at finite distances has a built-in root seotion, the nor-
mal stresses and the ehear stresses caused by the oon-
stralnt at the root oan he calculated by Ebnerfs formulae
with an accuracy sufficient for moat praotloal purposes.
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The theory tends to be eltghtl~ on the unconeervative
side., particularly in the immediate vlo~nity of the root~
part of the discrepancy can be %rao@& to a nonllne~r die-

-..

tributlon of the bending etree~ee; this feotor may require
attention when the oover oonslsta of stiffeners and thin
skin.

Speo3al allowances muet be made on the ehear etrdssee
at stations where concentrated torques are introduced., be-
cause It will not be possible in many oases to prediot
very oloeely the efficiency of the bulkhead In dlstrlbut-
Ing the load around the periphery of the box.

Langley Mernorlal Aeronautloal Laboratory,-.
National Advisory Committee for Aeronautio6,

Langley Field, Va.
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